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"Quarks. Neutrinos. Mesons. All those damn particles
you can't see. That's what drove me to drink.
But now [ can see them!"
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Tava: spatiu-timp
Ingrediente: ~ 20 particule elementare

Reteta: 4 forte (interactii) elementare
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Z boson
photon 91 GeV

0 GeV

Forta electroslaba = forta electromagnetica + forta slaba
Fotonul == Bosonul Z

Apoi, spontan, simetria este rupta!

Fotonul '= Bosonul Z
Fotonul ramane fara masa; Bosonul Z primeste masa.
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Care este originea masei particulelor elementare?

Teoria propune atunci:

Inca un pas la reteta: mecanismul Higgs
Inca un ingredient fundamental: campul Higgs format

din bosoni Higgs
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Peste tot in univers exista un ... numar

Un camp scalar ...

... cunoscut de catre public ca si campul Higgs,

... dar corect trebuie numit

campul Englert—Brout—-Higgs—Guralnik—Hagen—Kibble
Particulele elementare simt o frecare (vascozitate) cu

acest camp Higgs chiar si in vid, astfel incetinesc de la
viteza luminii. Astfel, ele primesc masal!
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In stiinta, experimentul == judecatorul unei teorii

Trebuie confirmari experimentale pentru TOATE
predictiile acestel teorii

Dar aceasta teorie are o SINGURA predictie ...
... existenta unei noi particule elementare ...

scalara, numerele cuantice zero (ca vidul), probabilitatea
de interactie fixata atunci cand masa sa este fixata ...

Dar masa particulei nu este fixata de teorie!

Este tocmai bosonul Higgs!
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Aceeasi energie Padure Cine strabate
Ciocnire de copaci padurea primul?
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Cel mai slabut ajunge primul. A fost incetinit mai putin,
cacl s-a ciocnit cu mai putini copaci.

Padurea: campul scalar Higgs

Un singur copac: o particula scalara (bosonul Higgs)
Ciocniri cu bosonii Higgs => frecare cu campul scalar
Higgs => viteza scade fata de viteza luminii => particula
primeste masa diferita de zero
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Predictie teoretica Predictie teoretica

Cine : Urbain Le Verrier Cine : Peter Higgs + ceilalti
Ce :prezice planeta Neptun Ce :prezice noua particula
Unde : Franta Unde : Scotia

Cand : August 1846 Cand : 1964 (acum 49 de ani!)
Cum : mate/teorie Cum : mate/teorie

Pt ce : ciudata orbita a lui Uranus Pt ce : particulele primesc masa
Aici contribuim noi

Verificare experimentala Verificare experimentala

Cine : Johann Gottfried Galle Cine : laboratoarele CERN

Ce :adiscoperit-o! Ce :adiscoperit-o!

Unde : Germania Unde : Elvetia

Cand : Septembrie 1846 Cand : 2012-2013

Cum : telescop/experiment Cum : accelerator/detector/experiment
Pt ce : experimentul = judecator! Pt ce : experimentul = judecator!

1 zi doar: telescopul sau era 49 de ani: ne imbunatateam mereu
suficient de precis! “microscopul”
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Tracking Electromagnetic Hadron Muon

chamber calorimeter calorimeter charmber

Innertnost Layer... » .. Outermost Layer
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Cu 95% incredere, masa sa poate fi doar in intervalul
114.4 - 149 GeV/c?,
adica 123 — 160 unitati atomice de masa

1 18
) WINA
1 H 2 He
Hydrogen 2 13 14 15 16 17 Helium
1.00754 1A 1) VA VA WViA WilA 4002602
3 L4 Be 5 B|6 {7 HE ol|o Flid Ne
Lithium | BeryDium PERIODIC TABLE OF THE ELEMENTS Boran | Carbon | Mitrogen | Owxygen | Fluotine | Neon
A.041 | 9012182 10,811 | 120107 | 14.0067 | 159994 |is.00s40352 | 2001797
11 Na|1l2 Mg 13 Alll4 5115 F {16 S|17 L B Ar
Sodium  [Magnesinm 3 1 ] 8 T 8 a 10 11 12 Alumimim|  Silicon | Phosph. Hulhar Chlorins |  Argon
2z eeprecs| 243050 IIE IVE VE VIE WIIE p— | — IE (1] 260315356 | 280855 |a0.ovaTez [ 32.06E 36453 3004
19 K|z Cal2l Sc|2z Tz W24 Crj25  Mnj26 Fe|2V¥ ColZs i {29 Cul3)  Zn|3l Ga| 32 Ge|33 As |34 S| 35 Er |36 Kr
Potassium | Caleivm | Scandmm | Titsninm | Veoadivm [Chrominm|Mangsnese|  Iron Cabalt Nickel Copper Zme Goallmm | German. | Arsenic Erypton
200083 | 40073 | A4.085012 ) 47867 | DOO4IE | E1.90061 [E4.028045) GLEdC [EEQuEi06 | 586034 [ 63.546 AE.28 69,723 7264 [ 7492160 2370
3T Rb | = Sr| 3 ¥ |40 Zr|4 MNbj42  Moldz  Toldd Ru |45 Fih | 46 Pd|47  Ag|ds Cd |49 In| 50 Sn|51 Sh
Rubidium | Stroptinm | Yttrmm |Zirecniom| Niobivm | Molybd. | Techoet. | Ruthen. | Bhodiom | Falladiom | Siver | Cadmium | Indinm Tin Antimony
7.62 | 88005EL | 01224 | 0200632 | OLOG  |(0700722y| LOLOF 10000550 | L0642 | 1078682 | 112411 | 114818 | 118710 [ 121.760

771 (72 Hf| 72 Ta|74 WG Re|Ta Qs |77 Ir] 7 Po|7%  Au(ED He &1 TI| 82 SIEE Bijad Fo | 85 At |88 Fn
snthe- | Hafnium | Tancalum | Tungsten | Rhenivm | Osminm | Iridivm | Plstinom Cokd Mercury | Thallinm Lend Bismuth | Polonmm | Aststine Eadon
nides 176,49 180 04786) 18384 | 186,207 | 190.23 | 182217 | 196084 1os.0pe6560) 20050 | 204.3833 | 2072 | 20608040 |[208.08243) [( 200.0ET15) |{ 22201 T58)
87 Fr| &2 Fa| E9-103 [104  RF105 DOb|106  Sg[107  Bh{108 Hs[(108 Mt|110 Ds({111 Rgl112
Fraoeium | Eadium | Actindes Rutherford | Tubniom | Seaborg. | Bobrivm | Hassium | Meitner, [Darmescadt.| Roentgen.
(223.00074) | 22602541 § (267122} | [268.1260 | (2711337 (270134 5| (269.134) | (27615615 | (281.162) | (260.164) | (235.174)

Lanthanida
ZETIES

Gy LT Ho | 68 Er|68  Tm|7D [ T1 Lu
Dwepros. | Holmium | Erbinm | Thulivm | Yeterbium | Lutetium
162,500 |164.93032) 167.280 |168.03421| 173.054 | 1740668

Actinide g0 A | 90 Th| 81 Fa |92 ] az Mp | 24 Pu [958  Am | % Cm | 97 Bk | 9& Cf| 99 Es|100 Fr (101 Md| 102 No|103 Lr
SETIES Actiniom | Thorium | Protactin, | Uranivm |Neptuniom|Plateniom | Amerie. | Curivm | Berkelivm | Colifoen. | Einetein. | Fermium | Mendel=e. | Mobelivm | Lawrene.
2702775y 232.03806 | 25108568 | 23802801 |{237.04a17) [ 24406420 (243.061 58] | 247 07035 (247.07061) | 250.07050) | (2520830 | 257 .00510) | 25600843 )| (25010101 | (262110
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Muon Chambers Electromagnetic Calorimeters

End Cap Toroid
Forward Calorimeters

Barrel Toroid Inner Detector Hadronic Calorimeters
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Cu 95% incredere, masa sa poate fi doar in intervalul
115.5 - 127 GeV/c?,
adica 124 — 136 unitati atomice de masa

1 18
) WINA
1 H 2 He
Hydrogen 2 13 14 15 16 L7 Helium
1.00754 1A 1) VA VA WViA WilA 4002602
3 L4 Be 5 B|6 {7 HE ol|o Flid Ne
Lithium | BeryDium PERIODIC TABLE OF THE ELEMENTS Boran | Carbon | Mitrogen | Owxygen | Fluotine | Neon
A.041 | 9012182 10,811 | 120107 | 14.0067 | 159994 |is.00s40352 | 2001797
11 Na|1l2 Mg 13 Alll4 5115 F {16 S|17 L B Ar
Sodium  [Magnesinm 3 1 ] 8 T 8 a 10 11 12 Alumimim|  Silicon | Phosph. Hulhar Chlorins |  Argon
2z eeprecs| 243050 IIE IVE VE VIE WIIE p— | — IE (1] 260315356 | 280855 |a0.ovaTez [ 32.06E 36453 3004
19 K|z Cal2l Sc|2z Tz W24 Crj25  Mnj26 Fe|2V¥ ColZs i {29 Cul3)  Zn|3l Ga| 32 Ge|33 As |34 S| 35 Er |36 Kr
Potassium | Caleivm | Scandmm | Titsninm | Veoadivm [Chrominm|Mangsnese|  Iron Cabalt Nickel Copper Zme Goallmm | German. | Arsenic Erypton
200083 | 40073 | A4.085012 ) 47867 | DOO4IE | E1.90061 [E4.028045) GLEdC [EEQuEi06 | 586034 [ 63.546 AE.28 69,723 7264 [ 7492160 2370
3T Rb | = Sr| 3 ¥ |40 Zr|4 MNbj42  Moldz  Toldd Ru |45 Fih | 46 Pd|47  Ag|ds Cd |49 In| 50 Sn|51 Sh
Rubidium | Stroptinm | Yttrmm |Zirecniom| Niobivm | Molybd. | Techoet. | Ruthen. | Bhodiom | Falladiom | Siver | Cadmium | Indinm Tin Antimony
d37.62 | 9B00REL | 01224 | 0200632 | OLOG  |(0700722y| LOLOF |i0C.005S0| L0642 | 1078682 112411 | 114818 | 118710 [ 121760

=] Ba| BV-T1 (72 Hf| 72 Ta|74 W|Ts Re|76 Qs |77 Ir| 72 Ft|7@  Au|Ed  Hg|2l TIj&2 SEE] Bij2d Fo | BE At |26 Fn
Esrium Lenths- | Hafnium | Tantalum | Tungsten | Rhenivm | Osminm | Iridivm | Platinom Cokd Mercury | Thallinm Lend Bismuth | Polonmm | Aststine Eadon
137.327 nides 17640 (160 04TAE) 123384 | 186,207 | 10073 | 162217 | 195084 |ip60c6560| 20050 (043333 2072 [208.08040 [[2508.08243) [( 20008715 [| 22201 758)
CH Fr| &= Fa| e9-103 (104  Rf{105 Db[(106  Sg{107f Eh|1dE Hs[1® Mt[110 Ds(111  FRg(112
Fraoeium | Eadium | Actindes Rutherford | Tubniom | Seaborg. | Bobrivm | Hassium | Meitner, [Darmescadt.| Roentgen.
(223.01074) [[ 22602541 § (267122} | [268.1260 | (2711337 (270134 5| (269.134) | (27615615 | (281.162) | (260.164) | (235.174)

Lanthanida BT La| 58 Ce | BD Pr |60 Nd | 61 Prn |62 5m |63 Eu | 64 = | 65 Th | 66 LT Ho | 68 Er|68  Tm|7D [ T1 Lu
b2 Lanthan. Cerivm  |Prasecdym.| Necdym. | Prometh, | Ssmarium | Evropium | Geadelin. | Terbium | Dwepros. | Holmium | Erbiwm | Thulivm | Yeterbium | Lutetium
138.00647) 2400116 | 14000765 | 144242 [(144.04275)) 18036 161 .064 15726 [1RB.0263L| 162500 |164.93032) 167.250 |168.03421| 173.054 | 1740668

Actinide g0 A | 90 Th| 81 Fa |92 ] az Mp | 24 Pu [958  Am | % Cm | 97 Bk | 9& Cf| 99 Es|100 Fr (101 Md| 102 No|103 Lr
SETIES Actiniom | Thorium | Protactin, | Uranivm |Neptuniom|Plateniom | Amerie. | Curivm | Berkelivm | Colifoen. | Einetein. | Fermium | Mendel=e. | Mobelivm | Lawrene.
2702775y 232.03806 | 25108568 | 23802801 |{237.04a17) [ 24406420 (243.061 58] | 247 07035 (247.07061) | 250.07050) | (2520830 | 257 .00510) | 25600843 )| (25010101 | (262110

30/04/2013 Adrian Buzatu - Povestea descoperirii unui boson Higgs 22



O noua particula elementara “ca un boson Higgs” (in
acord cu bosonul Higgs din Modelul Standard) a fost
observata in intervalul de mase 125 — 127 GeV/c?,
adica 135 — 136 unitati atomice de masa

1 18
18 WA
1 H 2 He
Hydrogen 2 13 14 15 16 L7 Helium
1007504 114 A VA WA WA WA 4002602
3 L4 Be 3 Ef6 C(7 e [ Fl10 MHe
Lithium | BeryDium PERIODIC TABLE OF THE ELEMENTS Boran | Carbon | Mitrogen | Owxygen | Fluotine | Neon
6041 0012182 10,811 [ 12,0007 | 140067 | 159994 | 1600840352 [ 2001797
11 Na |12 Mg 13 All14 S1{15 P16 S|17 1|18 Ar
Sodium  [Magnesinm 3 1 ] 8 T 8 a 10 11 12 Alumimim|  Silicon | Phosph. Hulhar Chlorins |  Argon
zzoesTence| 2430650 e IVE VB VIE ViB p— | — IE IE zepmiszes| 23 0865 [E0.073762 | 32.065 3E.453 30043

19 K|z Cal2l Sc|2z Tz W24 Crj25  Mnj26 Fel27  Co|Z3 Mi{2%  Cu(3)  Zn|3l Ga|32  Ge|33 As |34 S| 35 Er |36 Kr
Potassium | Caleivm | Scandmm | Titsninm | Veoadivm [Chrominm|Mangsnese|  Iron Cabalt Nickel Copper Zme Goallmm | German. | Arsenie | Selnium | Bromine | Krypton
200083 | 40073 | A4.085012 ) 47867 | DOO4IE | E1.90061 [E4.028045) GLEdC [EEQuEi06 | 586034 [ 63.546 AE.28 69,723 7264 [T4.02160  Te96 79.904 3.7

i FRb(= Sr| 3 ¥ |40 Zrj41  MNbj42  Mo|dz  Tcldd  Ru(4E  Rh|46 Pd|47  Ag|ds Cd |49 In|50  Sn|51 Shi 52 Te |53 I|54  Xe
Rubidium | Stroptinm | Yttrmm |Zirecniom| Niobivm | Molybd. | Techoet. | Ruthen. | Bhodiom | Falladiom | Siver | Cadmium | Indinm Tin Antimony | Tellurium Todine Xenon

EL 46T 37,62 | 9BO0LEL | Q1224 | 0200633 | OROG  |(ovoovizy| LOLOF [i02.o05s0| 10642 (1078682 [ 112411 | 114818 | 118710 [ 120760 | 12760 |126.00447( 131.20%
EEj Ba| BV-T1 (72 Hf| 72 Ta|74 W|Ts Re|T6  Os|FV Ir| 72 Ft|7@  Au|Ed  Hg|2l TIE2  Pb|as Bij2d Fo | BE At |26 Fn

Cesiu srium Lenths- | Hafnium | Tantalum | Tungsten | Rhenivm | Osminm | Iridivm | Platinom Cokd Mercury | Thallinm Lend Bismuth | Polonmm | Aststine Eadon
132 37327 nides 17640 (160 04TAE) 123384 | 186,207 | 10073 | 162217 | 195084 |ip60c6560| 20050 (043333 2072 [208.08040 [[2508.08243) [( 20008715 [| 22201 758)
CH Fr| &= Fa| e9-103 (104  Rf{105 Db[(106  Sg{107f Eh|1dE Hs[1® Mt[110 Ds(111  FRg(112
Fraoeium | Eadium | Actindes Rutherford | Tubniom | Seaborg. | Bobrivm | Hassium | Meitner, [Darmescadt.| Roentgen.
(223.01074) [[ 22602541 § (267122} | [268.1260 | (2711337 (270134 5| (269.134) | (27615615 | (281.162) | (260.164) | (235.174)

Lanthanida BT La| 58 Ce | BD Pr |60 Nd | 61 Prn |62 5m |63 Eu | 64 = | 65 Th | 66 LT Ho | 68 Er|68  Tm|7D [ T1 Lu
b2 Lanthan. Cerivm  |Prasecdym.| Necdym. | Prometh, | Ssmarium | Evropium | Geadelin. | Terbium | Dwepros. | Holmium | Erbiwm | Thulivm | Yeterbium | Lutetium
138.00647) 2400116 | 14000765 | 144242 [(144.04275)) 18036 161 .064 15726 [1RB.0263L| 162500 |164.93032) 167.250 |168.03421| 173.054 | 1740668

Actinide g0 A | 90 Th| 81 Fa |92 ] az Mp | 24 Pu [958  Am | % Cm | 97 Bk | 9& Cf| 99 Es|100 Fr (101 Md| 102 No|103 Lr
SETIES Actiniom | Thorium | Protactin, | Uranivm |Neptuniom|Plateniom | Amerie. | Curivm | Berkelivm | Colifoen. | Einetein. | Fermium | Mendel=e. | Mobelivm | Lawrene.
2702775y 232.03806 | 25108568 | 23802801 |{237.04a17) [ 24406420 (243.061 58] | 247 07035 (247.07061) | 250.07050) | (2520830 | 257 .00510) | 25600843 )| (25010101 | (262110
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Toate proprietatile masurate sunt in acord cu cele ale
bosonului Higgs

Dar mai erau doua proprietati de masurat (spinul si si
paritatea), plus cat de des este produsa particula

Bosonul Higgs are spinul zero si paritate pozitiva

Odata stiuta masa, in Modelul Standard se prezice exact
cat de des este produsa particula
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Cele doua noi proprietati au fost masurate si coincid cu
cele ale teoriel

Avem asadar “un boson Higgs”
De ce nu “bosonul Higgs?”
Existe teorii noi care prezic mal multi bosoni Higgs

Fizicenil spera sa descopere si ceva nou
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Introdus notiunile de particule elementare si interactiile dintre ele ca
Ingredientele si reteta materiei din Univers

Descrierea naturii este incompleta fara originea masei particulelor
Acum 49 de ani o teorie a fost propusa sa explice asta

Era nevoie de o confirmare sau infirmare experimentala

De atunci, fizicenii si-au imbunatatit constant “microscopul”

4 lulie 2012: O noua particula elementara, este “ca un boson Higgs”
14 Martie 2013: Noi proprietati masurate, este “un boson Higgs”

10 DJecembrie 2013: Peter Higgs va lua Premiul Nobel?

2015-2016: doar unul sau mai multi bosoni Higgs?
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Multumesc!

Intrebari? Sugestii?

http://adrianbuzatu.ro
adrian.buzatu@glasgow.ac.uk

"Quarks. Neutrinos. Mesons, All those damn particles
you can't see. That's what drove me to drink.
But now [ can see them!”



The Standard Model

Other

elementary
particles

Ingredients
(Elementary

Particles)
Light, radio, radar

Nuclear stability
Recipe
(Interactions) Radioactivity
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S/he slows As if s/he
down, has acquires
inertia

Celebrity
crossing the
room

Then s/he
attracts people

Normal
Particle

A rumour A group is As if group
comes into formed and acquires
the room has inertia

It still attracts

Particle
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Fermilab, near Chicago, USA
Complex of particle accelerators
Collides matter and antimatter
(protons and antiprotons)

150 m/s less than the speed of light
(300 million m/s)

2.5 million collisions per second

2 collision locations: CDF and DZero
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Central Cal ///%in Detectors

Plug Cal Mg _—— )
N
IMLIONS g

I
4

N,
Silicon L //j

P

Tracker  Tracker

A particle detector (3D digital camera)
As big as a huge room
Layers of subdetectors

Measuring particle type, direction of
movement, energy and momentum
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Our search: a W boson + a Higgs boson

The W boson decays to an electron
(muon) + neutrino

It helps us a lot that we can indentify well
electrons and muons in the detector

1.0F

Productio
gg—H

Cross section (pb)

Excluded by LEP

100
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120 140 160 200

my (GeV/c2)
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Colliding
particles

Virtual
particles

Decay products
in detector

1 1
} 1
1 1
| }
1 1
} 1
1 1 !
| }
1 1
} 1
I 1
1 I
1 }

b

Higgs Particle (H)
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Charged lepton (Electron or Muon)
My contribution to improve the search:
More charged leptons, which means
More W bosons, which means

More WH events, which means

More signal selected, which means
More precise “microscope”!

We introduce a new method to

reconstruct electrons and muons that
would normally be lost in the non

iInstrumented regions of the detector

30/04/2013
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| Charged Leptons Scatter Plot | [ isorrk

Charged Lepton Phi

6

Charged Lepton Eta

Dark blue, Green — muons
Light blue — electrons

Red — muons or electrons that
would be lost in the non
iInstrumented regions of the
detector, but we recover

Cylindrical detector rolled

on a plane

Y axis: 0-2Pi

X axis — 0 for half height

Charged Leptons Scatter Plot |
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Charged Lepton Eta
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Central Lepton Central Lepton 2JET WH—Ivbb

.. -1
msvnsv'r CDF Run Il Preliminary (5.7 fb™) 2b-tagged jets  CDF Run Il Preliminary (7.5 fb™)
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30— particle decaying
- to two bottom quarks
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Dijet mass b-NN Corrected (GeV/c?) BNN output (M_= 115 GeVi/c’)
Output of trained artificial neural network

with background peaking at O and signal at 1
Red: WH Signal multiplied by 5 times!
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95% C.L. Limit/SM
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Y axis: Measurement
divided by theory prediction

Dotted line: how precise our
“microscope” is

Solid line: what we actually
measure with our
“microscope”

Name of the game: drive the
solid line below 1 to exclude
the Higgs boson!

Black: the WH analysis before
my contribution

Red: with the addition of my
original PhD contribution, the
WH analysis improves both the
precision of the “microscope”
and the actual measurement
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